INTRODUCTION
Modelling detailed glacier-bed topographies and producing digital elevation models (DEMs) 'without glaciers' (Linsbauer and others, 2009 ) have become possible with the combined use of digital terrain information and slope-related estimates of glacier thickness. Distributed ice thickness estimates are now available at both regional (Farinotti and others, 2009; Linsbauer and others, 2012; Clarke and others, 2013) and global scales (Huss and Farinotti, 2012) . These approaches mainly relate local glacier thickness to surface slope via the basal shear stress satisfying the inverse flow law for ice, but use parameterization schemes of variable complexity (cf. the intercomparison by Frey and others 2014 ).
An important application of such investigations is the prediction of future landscape evolution and lake formation in deglaciating mountain chains (Frey and others, 2010; Linsbauer and others, 2012) . As the erosive power of glaciers can form numerous and sometimes large closed topographic depressions, many overdeepenings are commonly found in formerly glaciated mountain ranges (Hooke, 1991; Cook and Swift, 2012) . New lakes develop where such overdeepened areas become exposed and filled with water rather than sediments (Frey and others, 2010) . In the Swiss Alps, for instance, 500-600 overdeepenings were modelled in the beds of extant glaciers (Linsbauer and others, 2012) . For a single glacier, these overdeepenings were confirmed by independent modelling and measurements others, 2013, 2015) .
The present analysis emphasizes modelled overdeepenings underneath the present-day glaciers and thus provides information about potential future lakes for �28 000 glaciers in the Himalaya-Karakoram (HK) region. This study builds on the work of Frey and others (2014) , who modelled the total volume and thickness distribution of all HK glaciers, by focusing specifically on the location and geometry of bed overdeepenings. Such information forms the basis for assessing possible impacts and opportunities related to the potential future lakes (e.g. hydropower, tourism, outburst hazards; Yamada and Sharma, 1993; Bajracharya and Mool, 2010; Künzler and others, 2010; Terrier and others, 2011; Haeberli and Linsbauer, 2013; Loriaux and Casassa, 2013; Schaub and others, 2013) . Following Bolch and others (2012) and Frey and others (2014) the HK region is divided into four sub-regions: the Karakoram, and the western, central and eastern Himalaya ( Fig. 1 ; cf. Gurung, 1999; Shroder, 2011) . Glacier bed topographies are calculated for all glaciers in all four subregions. For each sub-region, a test area is chosen to visualize and discuss the results:
STUDY REGIONS AND DATA

For the Karakoram the test region is located between K2
and the Karakoram Pass in the borderland of India, Pakistan and China. This test region, covering a wide elevation range (3500-8000 m a.s.l.), is dominated by the largest glaciers in the HK region (e.g. Siachen glacier (�72 km long) and Baltoro glacier (�64 km)). These two compound glaciers comprise a large number of tributary glaciers, and both end in large, very thick and flat (partly) debris-covered glacier tongues, flowing southeast (Siachen) and west (Baltoro). The Karakoram is also known for a large number of surge-type glaciers on the northern slope of the main ridge, heading in directions north to west (Barrand and Murray, 2006; Bhambri and others, 2013; Rankl and others, 2014) .
2. In the western Himalaya the test region in the Pir Panjal range, Himachal Pradesh, India, is located in the monsoon-arid transition zone (Gardelle and others, 2011) , where glaciers are influenced by both the Indian summer monsoon and the westerlies Burbank, 2006, 2010) . Chhota Shigri and Bara Shigri glaciers belong to the Chandra valley on the northern slopes of the Pir Panjal range in the Lahaul and Spiti District of Himachal Pradesh. Bara Shigri (�28 km) is the largest glacier in Himachal Pradesh, and has a heavily debris-covered tongue (Berthier and others, 2007) . Chhota Shigri glacier is part of a long-term monitoring programme (Wagnon and others, 2007; Azam and others, 2014 (Bolch and others, 2008) . Development of supraor proglacial lakes is widespread, an example being Imja lake which has grown rapidly since the 1960s (Chikita and others, 2000; Fujita and others, 2009; Somos-Valenzuela and others, 2014) and has caused concern regarding outburst flood hazards (Quincey and others, 2007; Bajracharya and Mool, 2010) .
4. The test region for the eastern Himalaya comprises the northernmost section of the Bhutan Himalayan main ridge, with the highest peaks at �7300 m a.s.l. The northern glaciers originate from firn/ice plateaus located at �7000 m a.s.l. and flow with gentle slopes and clean ice towards elevations around 5000 m a.s.l. on the Tibetan Plateau, where proglacial lakes can be found (Kääb, 2005) . The southern glaciers descend to elevations at �4000 m a.s.l., originating from large and steep headwalls which provide enough debris to produce a thick cover on the more or less stagnant tongues (Bolch and others, 2012 Here we use the same glacier outlines as in Bolch and others (2012) and Frey and others (2014) . The outlines have been compiled from satellite scenes acquired between 2000 and 2010. Data from the following sources are used: the International Centre for Integrated Mountain Development (ICIMOD; Bajracharya and Shrestha, 2011) , the GlobGlacier project (Frey and others, 2012) , the first Chinese Glacier Inventory (Shi and others, 2010) and Bhambri and others (2013) (Fig. 1) . Most outlines are available via the Global Land Ice Measurements from Space (GLIMS) database and are contained in the Randolph Glacier Inventory (RGI version 4.0; Pfeffer and others, 2014) . In the eastern Himalaya, the quality is in some parts lower than in the remainder of the study area. In a few places the outlines Frey and others, 2014.) seem to be misplaced, as they do not fit with the terrain (Fig. 2a) . Glacier polygons smaller than 0.05 km 2 were removed as they are subject to high uncertainties (i.e. distinction between temporary snowfields and glacierets is not obvious). This inventory includes >28 000 glaciers, covering an area of �40 800 km 2 . The DEM used for the ice thickness estimation for the entire HK region (Frey and others, 2014) is from the voidfilled Shuttle Radar Topography Mission (SRTM) version 4 from the Consultative Group on International Agricultural Research (CGIAR; Farr and others, 2007; Reuter and others, 2007) acquired using radar interferometry with a spatial resolution of 3 arcsec (�90 m). In mountainous terrain with steep slopes, the SRTM DEM results in numerous data voids (radar shadow and layover effects) which have been filled using different interpolation algorithms, or auxiliary DEMs where available (Reuter and others, 2007) . Especially over the western Himalaya, this void-filled version of the SRTM DEM shows large crater-like depressions. As these are congruent with the data void mask of the SRTM DEM, they are likely caused by erroneous interpolations used to fill the voids (Frey and others, 2012) . In the hillshade view of the DEM (Fig. 2b) , this becomes clearly visible: the interpolated terrain in the SRTM DEM is continuous and looks realistic, but all interpolated regions are systematically too low. However, this mainly affects steep terrain and mountain peaks, while flat parts of glaciers, especially tongues of valley glaciers, are less affected.
METHODS
Slope-related ice thickness estimation
A variety of approaches exist to estimate high-resolution patterns of ice thickness at unmeasured glaciers based on DEMs and digital glacier outlines (e.g. Farinotti and others, 2009; others, 2009, 2012; Huss and Farinotti, 2012; Clarke and others, 2013) . Variables related to surface mass fluxes (e.g. accumulation) and glacier flow (e.g. basal sliding) used to drive some of these approaches, however, remain difficult to parameterize and the corresponding models must therefore be tuned. Coupling of ice depth with surface slope via the basal shear stress is a way to make model tuning obsolete. In the sense of an inverse flow law for ice, this basal shear stress is governed by the ice flux and relates to the average total annual mass exchange of a glacier and, hence, to its mass-balance gradient and elevation range (Haeberli and Hoelzle, 1995) .
Modelled glacier-bed topographies can be directly compared to local point or profile information from drilling, radio-echo sounding, etc. The main model uncertainty relates to the filtering and smoothing which is necessary to account for the effects of longitudinal stress coupling in glaciers. Uncertainty related to longitudinal smoothing is especially important in modelling bed overdeepenings (Adhikari and Marshall, 2013) . As all approaches for estimating glacier-bed topographies are semi-empirical, absolute values of ice depth remain rather uncertain (around �30% of the estimated value; Linsbauer and others, 2012) . However, the spatial patterns of ice thickness distribution and corresponding bed topographies are primarily related to the surface geometry as derived from the DEM and, hence, are more robust (Frey and others, 2014, fig. 6 ).
GlabTop and GlabTop2
A number of studies have used a constant basal shear stress of 100 kPa (e.g. Binder and others, 2009; Clarke and others, 2009; Marshall and others, 2011) or adjusted this value for individual glaciers (e.g. Giesen and Oerlemans, 2010; Immerzeel and others, 2012; Li and others, 2012) . GlabTop (Glacier Bed Topography; others, 2009, 2012; Paul and Linsbauer, 2012) calculates ice thickness at points along manually digitized glacier branch lines, by applying for each glacier an empirical relation between average basal shear stress (�, assuming a maximum value of 150 kPa) and glacier elevation range as a governing factor of mass turnover (Haeberli and Hoelzle, 1995) . As basal shear stresses can vary with slope (Haeberli and Schweizer, 1988; Adhikari and Marshall, 2013) , assuming an average value for each glacier to some degree oversimplifies the reality. The variability of ice thickness (h) for individual glacier parts is governed by the zonal surface slope (�) within 50 m elevation bins along the branch lines, using h = �/(f�g sin �), where f is the shape factor (here taken as 0.8), � the ice density (900 kg m ). This corresponds to averaging slopes over a distance of several times the local ice thickness and implies thin ice where the glacier surface is steep and thick ice where it is flat. Finally, ice thickness is interpolated within the glacier outlines from the estimated point values, and bed topography is derived by subtracting the distributed ice thickness estimates from the surface DEM. Linsbauer and others (2012) validated GlabTop with ground-penetrating radar (GPR) measurements and compared ice-thickness estimates by GlabTop to GPR-calibrated estimates by Farinotti and others (2009) . This evaluation revealed that the measured and modelled ice thickness values were within an uncertainty range of about �30%. Using model runs with glacier outlines from 1973 and a DEM from 1980-85, Linsbauer and others (2012) calibrated and validated the model against ice-free overdeepenings now occupied by lakes in the Swiss Alps.
To model the ice thickness distribution for the entire HK region, Frey and others (2014) developed GlabTop2 which is fully automated and requires only a DEM and glacier outlines as input. GlabTop2 is based on the same concept as described above, but involves two major changes from the original GlabTop: branch lines become obsolete, and surface slope is derived not along lines but as the average surface slope of all gridcells within a certain buffer (Frey and others, 2014) . This avoids the laborious process of manually drawing branch lines and allows application of the model to the immense glacier sample of the entire HK region. For GlabTop2 a sensitivity experiment was carried out using modified parameter combinations (f = [0.7, 0.9] and � max = [120, 180] kPa). For the calculated total glacier volume of �2955 km 3 (corresponding to a mean ice thickness of 72.5 m) for the HK region, the limiting values are found to be [-26 , +36]% for volume estimates and [+26.1, -18.9] m for mean ice thickness (Frey and others, 2014) . The results of the present study build on the modelled ice thickness distribution from GlabTop2, which is fully described, discussed and applied for HK by Frey and others (2014) .
For the glaciers in the HK region, ice thickness estimates are also available from Huss and Farinotti (2012) . While the basic concepts (inverse flow law, coupling of surface slope with local ice thickness via basal shear stress) are the same, the difference is that the Huss and Farinotti (2012) model is flux-driven while GlabTop2 is stress-driven. A direct comparison of both GlabTop2 and the Huss and Farinotti (2012) approach to actual ice thickness measurements indicates similar performance of these two models (Frey and others, 2014) .
Glacier bed topographies and detection of overdeepenings
The resulting ice thickness distributions from modelling with GlabTop or GlabTop2 provide the bed topography, i.e. a DEM without glaciers ( Fig. 3b and e) . In the following we use the results from modelling with GlabTop2. The overdeepenings in the glacier beds are detected by filling them with a standard geoinformatic hydrology tool (ESRI, 2011) and deriving a slope grid from this filled DEM. By selecting slope values <1°within the glacier outlines (Linsbauer and others, 2012) , the overdeepenings in the glacier beds are found ( Fig. 3c and f) . The difference grid between the filled DEM and the initial DEM without glaciers (resulting in a bathymetry raster of the overdeepenings) is used to quantify the area and volume of the overdeepenings. This bathymetry raster fills the overdeepenings to the brim, which may overestimate potential lake volumes. A bathymetry raster with a reasonable level (10 m lower) was therefore created. This 10 m freeboard represents a mid-range value used in glacier lake hazard assessments in the Himalaya (Worni and others, 2013) . Based on the bathymetry raster and the outlines of the modelled overdeepenings the mean and maximum depths of the potential lakes are calculated using zonal statistics. The maximum length is measured along the longest axis completely contained within the polygon of the overdeepening, and the mean width is obtained by dividing total area by maximum length. While the modelled overdeepenings from model runs with different input data (e.g. DEMs, glacier outlines) differ in shape and size, their locations are consistent and the values for the extracted parameters are comparable (Linsbauer and others, 2012) .
RESULTS
Overdeepenings in the glacier-bed topographies
The glaciers in the HK region cover an area of 40 775 km 2 (Bolch and others, 2012) with an estimated total ice volume of �2955 km 3 � 30% according to the GlabTop2 model run (Frey and others, 2014) . About 16 000 overdeepenings larger than 10 4 m 2 were detected in the modelled glacier-bed topography, covering an area of �2200 km 2 and having a total volume of �120 km 3 . The latter value reduces to 100 km 3 when overdeepenings are filled to only 10 m below their highest level in order to adjust roughly for possible outlet incision and lake freeboard formation. This corresponds to �3-4% of the present-day glacier volume. About 5000 of these overdeepenings have volumes larger than 10 6 m 3 .
Area, depth and volume are key variables to quantify overdeepenings, and their calculation and interpretation are straightforward. However, for other morphometric properties of overdeepenings (i.e. length and width), measurement approaches become more difficult to define (Patton and others, 2015) . Statistics for some morphometric properties for the modelled overdeepenings are summarized in Table 1 . Accordingly, a mean overdeepening in the HK region has an area of 0.44 km 2 and a volume of 25 � 10 6 m 3 (note that these statistics are based on overdeepenings >10 6 m 3 ). Half of the modelled overdeepenings (in terms of area and volume) are found in the Karakoram (Table 2) . However, these make up only �5.4% of the glacierized area in the Karakoram, owing to the large overall area of glaciation. In the western Himalaya numerous large overdeepenings are also found, containing about a quarter of the region-wide total volume and comprising 4.5% of the western Himalaya glacierized area. In the central and eastern Himalaya the modelled volume of the overdeepenings is minor compared to the total ice volume, and the percentage of overdeepened area is smaller (3.5% for central, 3.9% for eastern Himalaya). Table 2 shows that for the Karakoram and central Himalaya, the ratio between overdeepened volume and total ice volume is smaller than the area ratio, whereas the opposite is true for the western and eastern Himalaya. This implies that the overdeepenings are generally deeper in the western and eastern Himalaya and shallower in the central Himalaya and Karakoram. By applying a 10 m freeboard some larger shallow parts of the overdeepenings are eliminated, resulting in higher absolute mean depths for the remaining overdeepenings (Table 2) .
Test cases for sub-regions
The results for the four sub-regions are discussed based on the test areas defined earlier. The eastern and central Himalayan glaciers gain mass mainly during the Indian summer monsoon (these glaciers are hence called summeraccumulation type glaciers; Ageta and Higuchi, 1984) , whereas winter accumulation is more important for the glaciers in the northwest (western Himalaya and Karakoram; Benn and Owen, 1998) . The characteristics of the Himalayan glaciers may therefore differ by sub-region. For each test region, ten larger overdeepenings were visually examined using Google Earth with respect to the morphological indicator criteria defined by Frey and others (2010) . One of the chosen glaciers may be surging and four are heavily debris-covered and probably downwasting rather than retreating. All the remaining 35 examined overdeepenings are in crevasse-free areas indicating longitudinal compression where ice flows over adverse bed slopes. Fourteen of these overdeepenings (40%) exhibit a slope increase or a transition to transverse crevasses in the flow direction, indicating flow acceleration over the down-valley side of a bedrock riegel combined with a lateral narrowing of the flow. Twelve (34%) fulfil all these aforementioned morphological criteria as defined by Frey and others (2010) . Despite general uncertainties in shape, the larger modelled features most probably reflect real bed overdeepenings. These generally correspond well with locations where glacier surface slope is <5°.
Karakoram
The gently sloping tongues of Siachen and Baltoro glaciers with surface slopes <5°are estimated to be up to 800 m thick. A number of overdeepenings are modelled underneath this thick ice cover. Numerous overdeepenings are located at glacier confluences (red circles in Fig. 4 ). Highresolution satellite images from Google Earth reveal that some modelled depressions are just up-glacier of transverse crevasse patterns and increasing slope gradients which indicate extending flow over riegel structures in the bed (yellow rectangles in Fig. 4 ). The largest modelled overdeepening at central Rimo glacier, displayed in Figure 4 (lower right of the image), covers an area of >50 km 2 and has a volume of �11 km 3 . Some glacier tongues on the northern slope of the main ridge (green arrows in Fig. 4 ) have gently looped medial moraines, and the mapped glacier outlines (from the first Chinese Glacier Inventory) notably exceed the ice cover visible in the Google Earth image. This may imply surge-type behaviour which makes prediction of bed overdeepenings problematic.
Western Himalaya
The erroneous void fillings within the western Himalaya SRTM DEM have an influence on the modelled geometry. As illustrated in Figure 5a , in mountainous terrain with steep slopes and associated data voids, many modelled depressions correspond closely with the filled voids (shadowed areas) in the DEM. Flatter glacier parts with continuous DEM data are not affected by these artefacts. For Chhota Shigri glacier, five GPR profiles are available (Azam and others, 2012) , allowing us to compare measured and modelled ice thicknesses directly (Fig. 5b) . The measured glacier surface elevations are generally lower than the SRTM DEM at the same locations. Therefore, for the comparison, the glacier surface from the SRTM and the associated modelled bed topography have been shifted to match the elevation of the GPR measurements at the surface. The model results generally capture well the geometries of the glacier cross sections. With the exception of profile 3, the modelled ice thicknesses seem to be underestimated, but the deviations between measurements and model outputs mostly remain within the model uncertainty range of �30%.
Central Himalaya
Recent glacier shrinkage has resulted in increasing debris cover of glaciers accompanied by continued formation and growth of pro-and supraglacial lakes (Bolch and others,  2008) . The well-documented rapid expansion of Imja lake at the middle right of Figure 6 is of considerable concern. The model results are in agreement with recent GPR soundings by Somos-Valenzuela and others (2014) . They showed that the lake can grow further towards the steep icy slopes of the surrounding high mountain flanks, which could be a problematic development as the stability of these slopes is likely to decrease due to glacier debuttressing and permafrost degradation (Haeberli and others, in press ).
Eastern Himalaya
Several of the northern, debris-free glaciers in the Bhutan Himalaya end in moraine-dammed lakes (Fig. 7) . Because the glacier tongues are predominantly gently sloping and thick, there is potential for further lake enlargement as glaciers retreat further. In the accumulation area below the firn/ice plateaus where some of these glaciers originate, our model results indicate the presence of several subglacial overdeepenings. This, however, is not seen in the accumulation areas of the steep south-orientated glaciers; in these cases overdeepenings are only modelled under flat and heavily debris-covered tongues. The mountain topography south of the main ridge shows numerous pre-existing glacial lakes (dark blue in Fig. 7 ). For the smaller glaciers present in this part of the scene, more potential future lakes are modelled.
DISCUSSION AND IMPLICATIONS
Data quality
In general we suggest that with higher data quality, particularly surface DEMs, the robustness of the modelled overdeepenings could be enhanced. found that in glacier-covered terrain the SRTM DEM is slightly superior to the first version of the photogrammetric ASTER GDEM. The main problem with the SRTM DEM in our study region is the erroneous void filling in the western Himalaya (Fig. 2a) . As shown in Figure 5a , some modelled overdeepenings correspond closely with the filled voids of the SRTM DEM, and, as a consequence, some of these overdeepenings are very deep. This might partly explain why the overdeepenings in the western (and eastern) Himalaya are generally deeper than in the other regions ( Table 2 ).
The quality of the glacier outlines used in this study is high for most parts of the HK region. Certainly there are some erroneous areas north of the Himalayan main range, where the glacier outlines are not accurate enough and could be improved (Fig 2b) . For the employed method, this would affect the modelling of depressions in the glacier beds. In the case of Chhota Shigri, the comparison between model results and measurements in Figure 5b shows that the outlines used are somewhat larger than the glacier is in reality. However, this has no major influence on the modelling of overdeepenings.
Model choice and limitations
Different approaches for estimating ice thickness distributions (e.g. Farinotti and others, 2009; Huss and Farinotti, 2012; Linsbauer and others, 2012; Clarke and others, 2013; Frey and others, 2014) could potentially be used to model the bed topography of glaciers, and a model comparison would be interesting, but should be done in a region with more measured data than are available in the HK region. As the aim of this study is to highlight the regional aspect in view of practical applications, we applied the GlabTop2 approach, which has the advantage of being simple and computationally efficient, requires minimal input data and has been validated with ice thickness measurements on HK glaciers (Frey and others, 2014) . The direct comparison of GlabTop2 with the Huss and Farinotti (2012) approach, and with actual ice thickness measurements, revealed that the general pattern of the ice thickness distribution and the location of maximum ice thicknesses are similar in both models (Frey and others, 2014) . Locally, large differences are observed between modelled and measured ice thickness; however, the deviations between measurements and both models are generally very similar.
General limits of GlabTop2 and comparable sloperelated approaches, as mentioned before, concern the inability to capture effects of basal sliding or glacier surging. Other dynamic resistances (e.g. valley side drag) are only crudely accounted for and the constant shear stress assumption definitely breaks down at firn divides and at culminations of ice caps. More specifically, the resistance associated with longitudinal stress gradients is more pronounced in glaciers with large overdeepenings (Adhikari and Marshall, 2013) . The corresponding deviations from an assumed constant basal drag along the entire glacier, however, appear to be limited.
Debris-covered glaciers
Many glaciers in the studied region, particularly in the central Himalaya, have heavily debris-covered tongues (Scherler and others, 2011) . Numerous proglacial lakes have already formed in such situations, especially where surface slopes <2°coincide with thickness losses >60 m since the Little Ice Age (Sakai and Fujita, 2010) .
A thick cover of debris at glacier surfaces strongly reduces ablation (Banerjee and Shankar, 2013) . Local mass-balance gradients can become very low or even negative on such glaciers. Typical dynamic response times of decades for clean mountain glaciers (Haeberli and Hoelzle, 1995) can be centuries for glaciers with flat debris-covered tongues (Jouvet and others, 2011) . Debriscovered glacier tongues are indeed likely to be far out of equilibrium today. Their surface slopes can become extremely small, and basal shear stresses can be correspondingly reduced to low or even near-zero values. An assumption of constant shear stresses throughout individual glaciers as used in our model may therefore overestimate glacier thickness and underestimate glacier-bed elevation for debris-covered glacier tongues.
Heavily debris-covered glaciers generally have thick sedimentary rather than rocky glacier beds (Haeberli, 1996; Zemp and others, 2005) . Morainic material tends to smooth topographic irregularities at glacier beds. Unfortunately, our model does not capture this mechanism. The uncertainty of overdeepening geometries modelled for beds of debris-covered glaciers may therefore be quite high. Several overdeepenings modelled for some heavily debriscovered and downwasting glacier tongues, for instance, may primarily reflect irregularities in surface slope and could eventually turn into outwash plains rather than lakes.
Future proglacial lakes may start forming on the surfaces of debris-covered glaciers. As a useful empirical rule, a surface slope of �2°or lower enables the development of supraglacial lakes (Reynolds, 2000) as it corresponds well with zones of near-stagnant ice flow (Quincey and others, 2007) . The larger glacier-bed overdeepenings modelled in the present study coincide with local surface slopes of �7°o r less. The possibility of supraglacial lake formation is therefore included in this ad hoc approach. Debris-covered glaciers develop in catchments with especially high debris input from surrounding rock walls. Such an elevated sediment flux may lead to rapid infilling of overdeepenings and to a reduction in the lifetime of future proglacial lakes. The latter depends on the ratio between the lake volume and the input rate of sediments, which depends on catchment size and erosion rates. Erosion rates in cold mountain ranges vary over orders of magnitude (Hallet and others, 1996; Delmas and others, 2009; Koppes and Montgomery, 2009) and can increase by an order of magnitude in the case of strong deglaciation and permafrost degradation, prior to slope stabilization by re-vegetation (Hinderer, 2001; Fischer and others, 2013) . With characteristic erosion rates of 1-10 mm a -1 for conditions of rapid warming assumed here, many of the modelled lakes (if formed) can easily attain lifetimes of 10 2 -10 3 years even with high debris inputs.
Glacial lake outburst hazard
In terms of the hazard associated with future lake development in the HK region, it is notable that the mean areal extent of modelled overdeepenings (�0.44 km 2 ) is considerably larger (by a factor of 5) than mean values currently observed for glacial lakes across the Indian Himalaya (Worni and others, 2013), Nepal (ICIMOD, 2011) or the wider Hindu Kush-Himalayan region (Ives and others, 2010) . While this reflects the focus of the current study on largest overdeepenings (>10 6 m 3 ), it also gives an insight into the magnitude of potential future lake outbursts. Given the currently observed rapid expansion of proglacial lakes in the region, and the expected large size of new lakes forming in the future, approaches to manage and reduce the risk of future lake outburst hazard must anticipate and prepare for potentially very large-magnitude events. Currently, the largest-volume and most rapidly expanding glacial lakes are observed in the eastern areas of the Himalaya, particularly eastern Nepal and Bhutan (Gardelle and others, 2011; Fujita and others, 2013 ). Yet modelling of overdeepenings indicates that in an environment with a strongly reduced ice extent, the largest glacial lakes will be found in the western Himalaya and Karakoram. Hence, continued deglaciation of the HK region may imply a shift in the regional distribution of hazards associated with glacial lake outburst events.
CONCLUSION
Beneath the glacierized area (40 775 km 2 ) of the HK region �16 000 bed overdeepenings have been modelled using the GlabTop2 approach for slope-related calculation of highresolution glacier-bed topography. The modelled features exceeding 10 4 m 2 in surface area cover �2200 km 2 (�5% of the currently glacierized area) and have a total volume of �120 km 3 (3-4% of the current glacier volume). Given the limitations in model parameterizations and input data, it is challenging to estimate the shapes of the overdeepenings accurately. However, their future appearance under the condition of continued glacier retreat, and also their locations, appear to be robust and can be confirmed by visual inspection of morphological criteria using satellite imagery. For debris-covered glaciers, ice-depth estimates may be much more uncertain and lifetimes of possible future lakes may likely be limited by high rates of sediment delivery from their catchments. Nevertheless, the presented information constitutes an important knowledge basis for assessing the potential risks and opportunities associated with the future proglacial lakes.
